The quantification and monitoring of sediment dynamics in estuaries has received plenty of attention in recent years due to both economic and environmental interests. Numerical models have been widely applied for predicting the morphodynamic evolution of these areas. However, the degree of uncertainty of these models is often very high due to the lack of measurements necessary for a complete model calibration and validation. In this paper, different methods have been integrated to overcome these limitations. The hydrodynamics and suspended sediment transport in the IJzer estuary were estimated by means of field data and with the use of a two-dimensional hydrodynamic model coupled to a morphodynamic model. Tidal pumping was recognized as the main driving mechanism of sediments inside the estuary. Erosion-deposition areas calculated with the numerical model were compared to the locations and volumes of dredged material. Model results and measurements were generally in good agreement. Additional support for the morphodynamic model results came from airborne hyperspectral images acquired in 2001 and 2005. 
Introduction
There is increasing interest in the study of sediment dynamics in estuaries due to both high dredging costs associated with siltation problems in harbors and navigation channels and due to environmental problems. In the last two decades numerical modeling has been largely used for representing the response of sediment dynamics to natural driving forces and human intervention. Despite its flexibility, numerical modeling in estuaries is still limited by large uncertainties. First of all, sediment characterization is often very complex due to the presence of both cohesive and noncohesive materials, originating from the river, the sea, and/or from wind transport. The study of sand-mud mixtures is still one of the pioneering areas in sediment transport modeling ͑Toorman 2001͒. Second, the behavior of cohesive sediments is influenced by a large amount of parameters and processes, which are often difficult to describe and that introduce large uncertainties in the model prediction. Among them, the determination of the "cohesiviness" of the sediments ͑Maxwell et al. 2004͒ , the description of settling and flocculation properties ͑Dyer and Manning 1999; Jiménez and Madsen 2003; Xia et al. 2004͒ , and the interaction between suspended particles and flow turbulence are very difficult to represent ͑Toorman et al. 2002; Manning and Bass 2006͒ . Due to these reasons, numerical models are characterized by several degrees of freedom, and require a large number of measurements for model calibration and validation.
In the present study, a process-based model approach was applied to the IJzer estuary: a highly human impacted river mouth. Results from different study methodologies were compared and integrated to overcome limitations in the amount of field data, necessary for a complete model calibration and validation. A depth-averaged hydrodynamic model was implemented and validated against flow velocity measurements. This model was run in coupled mode with a morphodynamic model, from which erosion-deposition patterns inside the estuary were determined. Suspended concentration measurements were used as input data for the morphodynamic model. The calibration and validation of the morphodynamic model were assessed by comparing simulation results with the yearly dredged volumes.
Finally, some ideas on the long-term morphodynamics of the estuary could be formulated, extrapolating the results from a 2 week simulation and comparing them with airborne images collected in 2001 and 2005 . This intercomparison revealed some interesting features on the long-term evolution patterns. These changes would be hardly predictable by the numerical models currently available, as strategies for long-term prediction have been mainly developed for noncohesive sediments ͑Toorman 2001͒.
Study Area
The IJzer is a relatively short river, about 76 km long, originating in the north of France and flowing into the North Sea in the northwest of Belgium. Its catchment area is 1,101 km 2 . The river mouth is located in proximity of the town of Nieuwpoort ͑Fig. 1͒. Due to the extensive anthropogenic impact, the estuary has lost most of its natural state. In the 1950s, a new military base was established in the estuary leading to the construction of quay walls and docks. In the years 1950-1970, about 300,000 m 3 of sludge were excavated and dumped on the tidal flats situated at the right bank, drastically reducing the intertidal areas. In 1993 the naval base was relocated and the area was declared as a protected dunesite by the Flemish Government. In the following years, the entire infrastructure connected to the military harbor was cleared. Also the sludge, which was previously dumped on the tidal flats, was removed in order to restore the intertidal area. After the restoration plan was executed, a scientific monitoring program was launched to observe changes in sedimentation and erosion patterns, and the recovery of flora and fauna ͑Deboeuf and Herrier 2002͒.
Today, the estuary consists of a navigation channel, two harbors ͑Kromme Hoek and Novus Portus͒ and, on the left bank, a retaining wall protecting the town of Nieuwpoort. On the right bank, 130 ha of mudflats, salt marshes, sandy beaches, and coastal dunes constitute the natural reserve. The most seaward part of the estuary is protected on both sides with walls which extend into the sea in the form of jetties. The "Ganzepoort" sluice gates are located 3.3 km upstream from the river mouth. The gates were built for flood protection and for avoiding salt intrusion from the sea into the polder area, upstream of the gate system. The gates are open at low tide to drain the fresh water of the river. For the rest of the tidal cycle, the gates are closed and the fresh water is stored in an upstream reservoir.
Hydrology
Tides are semidiurnal with a mean tidal range of 3.2 m at neap and 5 m at spring tide. These conditions produce a mean tidal prism of 1.9ϫ 10 6 m 3 . The average tide is asymmetric with a mean flood duration equal to 5h 34Ј and mean ebb duration of 6h 51Ј. Maximum tidal discharges are in the range of 300 m 3 / s. Average river discharges correspond to about 7 m 3 / s. Highest river discharges occur during the winter periods when rainfall is more abundant.
Vertical distribution of salinity is strongly affected by opening and closing of the sluice gates in order to manage the freshwater outflow. When sluice gates are closed, the water in the estuary is salty and well mixed. When fresh water flows into the estuary, stratification is observed. However, stratification effects on the estuarine dynamics are of secondary importance with respect to tidal effects.
Sediments in the IJzer estuary are characterized by a wide spread in particle size. The main source of sediments is the North Sea. Sandy and clayey particles enter the estuary through the fairway. The high flow velocities in this area, up to 0.9 m / s during flood tide, exceed the threshold for motion of sand, which can be estimated around 0.4 m / s for sand with a diameter equal to 200 m ͑Soulsby 1997͒. However, sandy sediments rapidly settle in the most seward part of the navigation channel, without reaching the upper part or the harbors where deposited sediments are predominately muddy. This is confirmed by visual observations during the dredging of the estuary. On the other hand, cohesive sediments in suspension partly settle in the navigation channel and partly reach the two harbors and tidal flats. The material which settles in the navigation channel and the two harbors is removed on a regular basis by dredging in order to allow the access of boats to the harbors.
On the tidal flats, mud deposits already existing in the system or advected from the sea are found alongside areas with a high content of sand. Sandy sediments on the tidal flats are either brought by aeolian transport and/or originate by erosion of the sludge which was deposited on this area between the years 1950-1970 ͑Kerouedan 2006; S. Provoost, personal communication, September 20, 2007͒. The low flow velocities characterizing the tidal flats cannot be considered responsible for the transport of sand from the sea. Unfortunately, no measurements are available to quantify the input of sand transported by the wind. Although mud on the tidal flats is characterized by a peak in the sediment distribution around 10 m, the peak for sandy sediments is around 200 m ͑Toorman et al. 2006͒. The bathymetric data for the numerical models were obtained by merging a Digital Elevation Model of the tidal flats, acquired by an airplane-mounted laser scanning ͑LIDAR͒ in December 2002, with a bathymetry of the navigation channel, acquired from a boat-mounted ecosounder. The resolution of the two data sets was respectively 1 point/4 m 2 and 1 point/25 m 2 . The ED50/ UTM reference system was adopted. Measurements of water levels were taken by MDK Coastal Division ͑Maritieme Dienstverlening Kust͒ by means of a tidal gauge placed at the river mouth. River discharges at the Ganzepoort sluice gates were derived by numerical simulations of the upstream river ͓Flanders Hydraulics ͑Waterbouwkundig Laboratorium͒ 2006b͔.
Material and Methods

Data Collection
Flow velocities were collected at four different sections inside the estuary by means of a boat-mounted acoustic Doppler current profiler ͑ADCP͒ during a campaign on March 19, 2003 ͑see Fig. 1 for approximate location of the sections͒.
Three additional campaigns were carried out during the year 2005 ͑August 22-September 6, September 20-October 6, 2005, October 19-November 3͒. Measurements from a horizontally mounted ADCP, a laser in-situ scattering and transmittometer ͑LISST-100C͒, and a conductivity, temperature, and depth instrument ͑CTD͒ with attached an optical backscatter sensor ͑OBS͒ were also collected. The ADCP was used to determine the flow velocity at different positions across a section of the entrance channel and this with a spatial resolution of 8 m. The LISST-100C instrument uses the technique of laser diffraction to determine volume concentrations and particle size distribution. The OBS instrument emits a light signal and detects the light backscattered by the suspended particles. The sensor, calibrated with water samples collected at different moments during the tidal cycle, gave estimates of the mass concentrations. The CTD instrument supplied useful information concerning salinity, temperature, and water depth. The three instruments were deployed on the same frame close to the right bank of the entrance channel. Each of the measurement campaigns covered a period of a spring-neap tidal cycle.
Two hyperspectral images were acquired in the summers of 2001 and 2005 by means of a compact airborne spectrographic imager ͑CASI͒ and an airborne hyperspectral sensor ͑AHS͒, respectively. In the framework of these campaigns, sediment samples were collected on the tidal flats in the years 2001, 2004, and 2005 supplying spatial information concerning the grain size distribution and its variation in time.
Dredged volumes from the navigation channel and the two harbors were provided by the Ministry of the Flemish Community ͑Ministerie van de Vlaamse Gemeenschap, Afdeling Maritieme Toegang͒ and used for model validation. Additional support to the model results came from punctual erosion and deposition measurements collected at 31 locations on the tidal flats between the years 2006 and 2007 ͑Research Institute for Nature and Forest, Brussels͒. These measurements were carried out by measuring the ground elevation with respect to several poles, of known elevation, located at different positions on the tidal flats ͑sederoplots͒.
Numerical Models
The depth-averaged hydrodynamic model TELEMAC-2D ͑v.5.5͒ ͑Hervouet and Bates 2000͒ and the morphodynamic model SISYPHE ͑v.5.5͒ ͑Villaret 2004͒ were run in coupled mode on the same computational mesh. The distance between computational nodes varies between 10 m at the entrance channel and in the tidal flat area and 20 m in the harbors and upstream channel. Two open boundaries were defined: an upstream boundary, where river discharges were imposed, and a downstream boundary, where water levels and suspended sediment concentration were prescribed. No wave modeling was carried out inside the estuary, in view of the fact that waves from the sea cannot penetrate into the narrow inlet, and locally generated wind waves are necessarily small because of the small fetches.
Hydrodynamic Model
The two-dimensional finite element model TELEMAC-2D solves the depth averaged Saint-Venant equations. Bottom friction was calculated according to the Chézy formula and was regarded as the only source term in the momentum equations. Turbulent viscosity was considered constant inside the domain.
Morphodynamic Model
The morphodynamic model SISYPHE was implemented in the estuary. The model calculates the sediment transport and the bottom evolution as a function of the hydrodynamic field through internal coupling with the TELEMAC-2D model.
Only the transport of suspended sediment was simulated, on grounds of the fact that the material brought by the currents inside the estuary, and removed during the dredging operation is mainly constituted by mud. The sediment transport was calculated by means of the following advection-diffusion equation for suspended sediment:
where C = depth-averaged sediment concentration; U and V = depth-averaged flow velocities in the x and y directions; h = water depth; s = sediment diffusivity coefficient assumed equal to 10 −2 m 2 / s, and E − D = net erosion minus deposition flux of sediments. Bottom evolution was calculated by means of the bottom continuity equation
where n = bed porosity and Z f = bottom elevation. Bed porosity was estimated equal to 0.6, which is representative of the average mud conditions in the estuary, considering an intermediate degree of consolidation. The erosion ͑E͒ and deposition ͑D͒ rates were derived applying the Krone-Partheniades formulation ͑Krone 1962; Partheniades 1965͒
where u * = friction velocity; u * e and u * d = critical shear velocities for erosion and deposition; M = erosion constant; and W s = settling velocity. The parameter M depends on the physicochemical characteristics of bottom sediment and was assumed equal to 2 ϫ 10 −5 kg m −2 s −1 ͑Krestenitis et al. 2006͒. The critical shear velocity for erosion u * e is a function of the degree of compaction of the sediments at the bottom, clay type, clay/sand proportions, organic content, pH, salinity, and various other chemical and compositional parameters. A value of 0.015 m / s was adopted in the model based on literature review ͑Krestenitis et al. 2006͒ , and in situ measurements ͑Vanhonacker 2004͒. The critical shear velocity for deposition u * d mainly depends on the size of the flocs, and it is often used as a calibration factor for the morphodynamic model. The best correspondence between model results and measurements, both in terms of simulated sediment concentrations and volume of deposited material, was obtained by using a value of 0.001 m / s for u * d . The choice of such a low value for the critical shear velocity for deposition can be explained by the increase in turbulence produced by the boat generated internal waves, which continuously enter inside the estuary, but which are not represented in the model. These waves lead to an increase of the bottom orbital velocities, and as a consequence, of the sediment resuspension ͑Verney et al. 2007͒ .
The settling velocity W s was calculated by means of the following equation for flocs with fractal structure ͑Winterwerp 2002͒:
͑5͒
where ␣ and ␤ = shape factors assumed equal to 1; p = density of the primary particles; w = water density, = molecular viscosity of water ͑Ϸ1.4ϫ 10 −3 kg/ ms͒; g = gravitational acceleration; D p = primary particle size ͑Ϸ2 m͒, and R = particle Reynolds number. D f =average floc size and it was calculated by weighting the diameter of each class measured with the LISST-100C instrument with its volume concentration
where d i = diameter of each class; C i = concentration measured for each class; and 32= number of classes recorded by the LISST-100C. nf represents the floc fractal dimension and it was derived by using a linear regression on a log-log plot of the floc excess density ⌬ and the floc size, according to the relation ͑Kranenburg 1994͒
assuming k a as a correlation parameter. The excess density was calculated knowing floc and water density as described by Fettweis ͑2008͒.
By applying Eq. ͑5͒ the floc settling velocity w s was estimated to range approximately between 0.2 and 1.3 mm/ s, during the period in which measurements were available. A value of 0.4 mm/ s was selected as representative of the settling velocity in the whole domain and used as input parameter for the model.
Suspended sediment concentrations measured with the LISST-100C were imposed during flood tide at the sea boundary, and no concentration was prescribed during ebb tide. At the upstream boundary, water was assumed to be clear, neglecting any input of sediment from the IJzer River. Input of sand through the sea boundary was neglected, also given the fact that the sand entering from the sea settles within the downstream part of the navigation channel.
Results
The hydrodynamic model TELEMAC-2D was first calibrated against flow velocity measurements collected on the March 19, 2003 at different locations inside the estuary. A further set of simulations was carried out for the period August 22-September 5, 2005, corresponding to a spring-neap tidal cycle, by means of the TELEMAC-2D and SISYPHE models working in coupled mode. For the same spring-neap tidal cycle, flow velocity and suspended sediment measurements were collected and analyzed. The results of these analyses are presented in this paper.
Hydrodynamics
Tidal Characteristics
When tidal waves propagate in shallow water, there can be considerable asymmetry in the free surface elevations and velocities during flood and ebb conditions. Flood dominance generally occurs in estuaries characterized by a high ratio between tidal amplitude and water depth, as for example the IJzer estuary ͑Dyer 1997͒. This mechanism can be explained by the fact that tidal wave celerity is a function of the water depth. It follows that higher flow velocities are observed at high water ͑crest of the tidal wave͒ than at low water ͑trough of the tidal wave͒. This causes the ebb period to become longer than the flood duration, producing an asymmetrical tidal curve. In tidal analysis tidal asymmetry corresponds to the creation of additional harmonics ͑e.g., M 4 component͒ modulating the main tidal signal. As an example, tidal flow velocities in the navigation channel measured at a particular ADCP bin are shown in Fig. 2 . Peaks in flood velocity ͑positive values͒ are about 0.9 m / s, whereas peaks in ebb tides ͑negative values͒ are about 0.6 m / s. Tidal asymmetry leads to enhancement in resuspension and transport during the flooding tide ͑the so-called tidal pumping, e.g., Uncles et al. 2002͒ .
Hydrodynamic Model Calibration and Validation
The calibration of the hydrodynamic model was carried out using depth averaged ADCP measurements, collected over one tidal cycle at different transects along and across the river ͑Fig. 1͒ ͑Nolivos and Choudhury 2004͒. Different values of the friction coefficient were tested during the work of Nolivos and Choudhury ͑2004͒, showing a negligible influence of the bottom friction factor on the hydrodynamics. A final value for the Chézy coefficient equal to 65 m 1/2 s −1 was selected. The following statistical parameters were calculated to assess the performances of the model in the whole area: mean-absolute error ͑MAE͒, relative-mean-absolute error ͑RMAE͒ and adjusted relative-mean-absolute error ͑ARMAE͒ ͑Van Rijn et al. 2003; Brière et al. 2007͒ .
The MAE is an appropriate statistical parameter for vector quantities ͑e.g., currents͒. It includes errors of magnitude and direction in a single statistic. Given the two-dimensional vectors X = ͑X 1 , X 2 ͒, representing the observed values, and Y = ͑Y 1 , Y 2 ͒ the computed values, the MAE is expressed by 
MAE = ͉͗Y
where N = number of observations. The RMAE is given by
RMAE = MAE ͉͗X͉͘ ͑9͒
A RMAE equal to zero would indicate a perfect match between measurements and model prediction. However, this can never be achieved practically as the RMAE includes the contribution of the measurements errors. The ARMAE subtracts the effect of the measurement error ͑OE͒ from the MAE
Following Lien et al. ͑1994͒ and Van Rijn et al. ͑2003͒ a value for OE equal to 5 cm/ s was chosen to estimate the errors derived from the ADCP. Measurements were repeated several times at each section. In Table 1 the average of the statistical parameters calculated for the different locations is indicated. In the last column, model performances are classified adopting the categories proposed by Brière et al. ͑2007͒ . The good agreement between measurements and modeled results justifies the use of a depth averaged model to estimate the two-dimensional flow characteristics. The use of a three-dimensional model could give a better description of turbulence-related phenomena such as flocculation and settling velocities of suspended sediment, but setting up a three-dimensional model including coding of such algorithms was outside the scope of the current study.
The TELEMAC-2D validation was carried out by means of ADCP measurements collected at the entrance channel at the location given in Fig. 1 , for the period August 22-September 5, 2005. Fig. 3 shows a comparison between computed and observed flow velocities for the specific period. Model performance for the validation period was excellent. See Table 1 for the values of the statistical parameters.
Sediment Transport
Measurements
A LISST-100C instrument was deployed for the period August 22-September 5, 2005 at the same location of the ADCP instrument, and at a distance of about 3.5 m from the bottom, supplying information on the magnitude and size of suspended matter. The water depth at this location ranges approximately between 3.5 and 8.5 m due to tidal effects. The measurements were collected in 32 log-spaced classes from 2.5 to 500 m. A spectral analysis was performed on the integrated volume concentration over the different size classes ͑Fig. 4͒. The spectrum, calculated using a fast Fourier transform, shows peaks in suspended transport occurring at the frequencies of the M 2 , M 4 , and M 6 components. Astronomical tides and higher harmonics, due to nonlinear interaction of the tidal wave with the bottom, are the main driving mechanisms of sediment transport inside the estuary.
Particle size in suspension is generally related to flow conditions and cohesiviness of the sediment. Low concentrations and low shear promote the aggregation of cohesive particles into flocs, whereas high concentrations and shear promote their breakdown ͑Dyer and Manning 1999; Xia et al. 2004͒ . The importance Three different tidal conditions were distinguished: spring tide ͑tidal amplitude higher than 4.8 m͒, mean tide ͑tidal amplitude ranging between 3.5 and 4.8 m͒, and neap tide ͑tidal amplitude smaller than 3.5 m͒. Spring tides are characterized by the highest flow velocities, up to 0.9 m / s. During neap tide the flow velocity does not exceed values of 0.3 m / s. The particle size was found to be inversely correlated to the average flow velocity, following an almost linear relationship. This confirms the presence of flocs of cohesive sediments at the instrument location, which tend to break whenever flow velocity and therefore turbulence in the water column exceed a certain threshold.
Morphodynamic Model Results
LISST-100C measurements were imposed in the model during inflow conditions from the sea boundary, and no concentration was prescribed for outflow conditions. Fig. 6 shows a comparison between measured and modeled concentrations for the period August 22-September 5, 2005 at the LISST location. Fig. 6 shows a general good agreement between the two time series with a RMSE of 321 L / L. The difference between measured and modeled concentrations during inflow conditions is due to the fact that the LISST instrument was not exactly at the location of the sea boundary in the model.
The output from the numerical simulations supplied information concerning location and volumes of eroded and deposited sediments. The morphodynamic evolution after a spring-neap tidal cycle is shown in Fig. 7 . The estuary is characterized almost entirely by a net deposition ͑positive values͒. The net deposition takes place mostly in the navigation channel, harbors, and at the low water line on the tidal flats. Deposition in the navigation channel after a spring-neap tidal cycle reaches values up to 5 -6 cm at some locations. This approximately corresponds to the yearly observed 2 m deposition value in the navigation channel. The modeled deposition on the tidal flats is less intense, ranging approximately between 0.1 and 0.5 cm after a spring-neap tidal cycle ͑2 -12 cm yearly͒. A general deposition pattern was also observed by the measurements which were carried out at 31 locations on the tidal flats between 2006 and 2007 ͑Research Institute for Nature and Forest -unpublished data͒, which suggested a yearly deposition rate ranging between 1 and 5 cm. Higher deposition was observed in the model in the northern and southern areas of the tidal flats. Unfortunately no measurements were available at these practically inaccessible soft mud locations. This variability can be partly attributed to uncertainty in the volume measurements, but also to natural variability of inflow sediment concentrations which are, e.g., influenced by outside wave conditions.
Support from Airborne Images to Long-Term Deposition Processes
A qualitative confirmation of the main deposition location of muddy sediments simulated by the model came by looking at airborne images collected during campaigns in 2001 and 2005. Two airborne images were acquired by means of a CASI and an AHS, respectively. The two images were taken at low tide in order to allow sediment classification type of the intertidal area. Their spatial resolutions were 2 and 3.5 m, respectively. An unsupervised classification, based on cluster analysis of mixture models, was performed on the two images. According to this methodology, the data are associated with a number of classes where each of those classes can be described by a Gaussian distribution ͑Beaven et al. Prior to classification, water was masked out of the images, and noisy bands were removed. For the CASI image of 2001, 55 bands were utilized ranging from 0.536 m in the green part of the spectrum to 0.850 m in the near infrared. As for the AHS image of 2005, 12 bands were used, with the same spectral range. Three different classes were distinguished, corresponding to muddy sediments, to mixed sediments ͑mud and sand͒ and to a class characterized by a higher presence of vegetation ͑Fig. 8͒. The merging and labeling of the classes were based on the average class spectra and field knowledge.
Both images show the presence of mud at the low water line and alongside the Kreek van Lombardsijde ͑see Fig. 1͒ . Moreover, a muddy area is visible in the northern part, next to the wall where the tidal gauge is located ͑Location B in Fig. 1͒ . These observations agree in general terms with the numerical model output shown in Fig. 7 . The numerical model predicts deposition of sediment in the navigation channel and in the two harbors: these deposited sediments are regularly removed by dredging. In addition, the model suggests a tendency for suspended sediments to deposit at the low water line, in the southern part of the tidal flats ͑Kreek van Lombardsijde͒ and near the tidal gauge location.
The comparison between the two images moreover shows that surface sediment characteristics on the tidal flats are subject to long time changes, in unknown portion related to the strong past and presence anthropogenic action and to natural evolution. A general increase in the presence of mud is visible in the southern part, whereas the northern muddy part seems to have reduced in size.
Discussions and Conclusions
Hydrodynamics and morphodynamics of the IJzer estuary were discussed. Visual observations and measurements showed that muddy suspended sediment constitutes the dominant source of sediment transport in the estuary. For this reason, only the dynamics of suspended transport were addressed in this study.
The two-dimensional hydrodynamic model TELEMAC-2D coupled to the morphodynamic model SISYPHE was set up in order to compute the morphodynamic evolution in the estuary. Flow measurements allowed for a calibration and validation of the hydrodynamic model. Hydrodynamic model results showed good agreement with ADCP measurements.
Concentration measurements were analyzed and correlated with tidal measurements. Tidal pumping was recognized as the main mechanism bringing sediments inside the estuary. Peaks in sediment concentration were recognized at the frequencies of the M 2 , M 4 , and M 6 tidal components.
A massive presence of flocs of cohesive material was observed from the LISST measurements. Flocs tend to form at slack water periods and break whenever flow velocity, and therefore shear rate in the water column, exceeds a certain threshold. Moreover, the average particle size of the material in suspension was modulated by the spring-neap tidal cycles. Bigger flocs appear during neap tide conditions when tidal range and flow velocity are less intense. An almost linear relationship between average particle size and average flow velocity was found. The morphodynamic model simulated a net overall deposition of sediments in the estuary after a spring-neap tidal cycle. Higher deposition characterizes the navigation channel, the two harbors, and the lower part of the tidal flats. The extrapolation of the numerical results to a 1 year period showed a good agreement with the volumes dredged annually in different areas of the estuary. The outcomes of these calculations are sensitive to the choice of the different input parameters, especially in the morphodynamic model ͑e.g., shear velocity for erosion, deposition, settling velocities, porosity͒. Several data sets were collected in order to minimize the errors produced by the choice of these parameters. Moreover, a procedure was set up in order to estimate the floc effects on the settling velocity calculation used in the morphodynamic model.
Airborne images gave support to the location and trend of the mud deposition areas simulated by the model. Moreover, intercomparison between the two images collected some 4 years apart suggests that the tidal flats of the IJzer estuary are quite dynamic, illustrated by large changes in sediment characteristics on the tidal flat areas, strongly influenced by anthropogenic action, but also by natural evolution. However, it is difficult if not impossible to separate anthropogenic modifications which have characterized the estuary during its recent history ͑e.g., construction of the military base, dumping and dredging of sediments, harbor constructions, sluice gate action, etc.͒ from natural evolution confidently. A better knowledge of the relative contribution and characteristics of sediments coming from the sea, the IJzer River, transported by the wind and dredged from the navigation channel remains necessary to better understand these long-term sediment trends.
